Saline wastewater is ubiquitous in industries. The present study reports the effects of salinity on the morphological properties of aerobic granules. Within a wide range of salinity from 1% to 5%, good aerobic granules were successively cultured in sequencing batch reactors (SBRs). It was found by scanning electron microscope (SEM) analysis that the granular surface turned to be smoother and more regular with increase of salinity, and under lower salinity (1%) the microbe was cocci-dominated, while under higher salinity (5%) the microbe was filaments-dominated.
INTRODUCTION
In the past few years, abundant achievements have been made on inoculation and application of aerobic granular sludge. It has been recognized that aerobic granular sludge is an effective biotechnology for the treatment of domestic and industrial wastewater. For instance, Su & Yu (2005) have employed aerobic granules in soybean-processing wastewater; Kishida et al. (2006) have applied anaerobic/oxic/-anoxic granular sludge to remove nitrogen and phosphorus effectively utilizing denitrifying polyphosphate-accumulating organisms; Jiang et al. (2006) have applied aerobic granules in phenol biodegradation.
High saline wastewater is ubiquitous especially in industries, e.g., food processing, leather manufacturing, oil recovery and landfill leachates (Lefebvre & Moletta 2006; Moussa et al. 2006) . High salinity with high buoyancy frequently washes out lighter flocs. Therefore, it might be a big challenge when conventional activated sludge is applied. However, the washout of lighter flocs is an essential factor for the formation and maintenance of aerobic granules. In addition, the increase of salt concentration may reduce the electric double layers, thus forming big aggregates is thus possible. Moussa et al. (2006) have reported that increased salt concentration resulted in better settling characteristics of the nitrifying sludge. Fast settling velocity is the essential property of aerobic granules that could select out flocs when short settling times are applied in sequencing batch reactors (Liu et al. 2004; McSwain et al. 2004) . Therefore, it may be possible to develop compact granules under a high salinity.
The morphologies of aerobic granules have been studies extensively Ivanov et al. 2005; Su & Yu 2005) . It is generally believed that aerobic granules have stratified structure . The dominated bacteria were also spatially distributed (Ivanov et al. 2005; Adav et al. 2006) , which provides the great biodiversity for the degradation of various pollutants. Density and size, the doi: 10.2166/wst.2008.838 important morphological parameters, are two factors that related to the settling velocity. As selective force is velocitydependent, loose granules of large size could also survive in the reactor, leading to the operation failing especially when a high organic loading rate was applied (Li et al. 2006a; Zheng et al. 2006) . Such granules actually have less layered structure, as reported by Wang et al. (2004) , where aggregates were 7 -10 mm in diameter. Therefore the morphological property of aerobic granules varies significantly depending on the operational conditions. However, little information is available on the properties of aerobic granules developed under various salinities. The study thus reports effects of salinity on the morphology of aerobic granules.
MATERIALS AND METHODS
Three sequencing batch reactors were employed for this study as described in a previous study (Li & Wang 2008) . The density of aerobic granules was determined using sucrose density gradient centrifugation. The free terminal settling velocity was measured in a 500 ml cylinder, and the porosity was calculated based on the free terminal settling test, using
where, v, terminal settling velocity in the free settling test; d, the diameter of the granule; 1, the porosity of the granule; p p , the density of the granule; p w , the density of water; V, the effect of fluid goes through the particle; C D , the drag coefficient. The drag coefficient was calculated according to a literature (Majumder & Barnwal 2004) .
Granular biomass images were obtained using microscope BX51 (Olympus, Japan) and digital camera (Olympus, Japan). Images of randomly selected particles, with a total particle number more than 500, were measured in diameter for the size distribution. The scanning electron microscope (SEM) observation was carried out using scanning electron microscope S3400N (Hitachi, Japan). Figure 4 shows the size distributions of the granules during the entire experiment period. Except in R2, all granules increased in size with the running time. In the later period of this study, extremely large granules with the size of more than 2 mm could be found in reactor R3, and breakage of granules could be found in R2. The spectrum of the size distribution also became wider under higher salinities especially in R3, indicating more heterogeneous growth of granules, which was contributed by the occurrence of filamentous granules in R3 ( Figure 5 ). By SEM observation of granule surface and the sections of granules (photo not shown), it was found that the white and black granules were formed mainly by filamentous microorganisms and the yellowish granules by cocci-like bacteria, and the former was much bigger than the latter ( Figure 5 ).
RESULTS
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By examining the specific gravity, density and size of the granules, their porosity could be calculated as shown in <50 50-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000 1000-2000 >2000 <50 50-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000 1000-2000 >2000 <50 50-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000 1000-2000 >2000 <50 50-100 100-200 200-300 300-400 400-500 500-600 600-700 700-800 800-900 900-1000 1000-2000 >2000 Granule size is one of the important factors that significantly affect the properties of aerobic granules, e.g., the biomass density, settling velocity increased with the increase of granule size (Toh et al. 2003) , and the available porosity decreased with the increase of granule size (Zheng & Yu 2007) . Heterogeneous growth with a narrow size spectrum brought about different growth limitation among granules, therefore it is reasonable to assume that the granules with heterogeneous growth may be in an unstable status. In the later period of this experiment, granules under the salinity of 5% showed a wider size spectrum than those under the salinity of 1%, indicating that the granules formed under high salinity are unstable. In fact, at least two kinds of granules, the filamentous granules and bacteria granules coexisted in the same reactor R3 in the later period of this study ( Figure 5 ). When filamentous granules were not well controlled, it might cause the operation failure. However, it was noticed that filamentous granules in this study, especially the black filamentous granules, under the salinity of 5% were in fact very compact (Figures 5 and 6) and with a structure much different from the reported fluffy granules (Moy et al. 2002; Su & Yu 2005; Li et al. 2006b,c; Zheng et al. 2006; Yang et al. 2008) . Therefore, it can be concluded from this study that inoculation of aerobic granules with large size and low porosity was possible under salinity as high as 5%. In other words, filamentous microorganisms did not necessary resulted in sludge bulking or granule breakage if they could form granules in a compact manner as observed in the high salinity.
CONCLUSIONS
The following conclusions were obtained in this study.
(i) Big and compact granules could be developed under saline wastewater as high as 5%, and the increase of salinity could effectively reduce the porosity of aerobic granules.
(ii) According to the size distribution analysis, higher salinity would lead to heterogeneous growth of aerobic granules. 
